In this paper we examine the design of scalar and multi-variable feedback control systems for the GE T700 turboshaft engine coupled to a helicopter rotor system. A series of linearized models are presented and analyzed. Robustness and performance specifications are posed in the frequency domain. The LQG/LTR methodology is used to obtain a sequence of three feedback designs. Even in the single-input single-output case, comparison of the current control system with that derived from the LQG/LTR approach shows significant performance improvement. The multi-variable desins, evaluated using linear and nonlinear simulations, show even more potential for performance improvement.
INTRODUCTION
In this paper we summarize, [11, three distinct feasibility studies related to the design of feedback control systems for a model of the GE T700 turboshaft engine coupled to a helicopter rotor system. The present control system on the T700 engine uses a single input the fuel, and was designed using classical single-input single-output (SIS1) techniques. We explore the potential advantages of using more sophisticated compensators, derived using the Linear-QuadraticGaussian with Loop-Transfer-Recovery (LQG/LTR) design methodology, both in the SISO case and in the multiple-input multiple-output (MIMO) case.
In the MIMO case we use the dynamic coordination of both fuel and variable compressor geometry to control two outputs of interest.
To the best of our knowledge this is the first study dealing with the application of multi-variable design concepts to a turboshaft englne. On the other hand, the modern multivariable control of turbofan engines has received a great deal of attention. The book by Sain et al, [21, contains a variety of design studies on the F-100 turbofan engine; other pertinent references are [3] to [11] . In particular, feasibility studies using the LQG/LTR design methodology have been reported for the F-100 engine in [3] and [4] 1, the GE-21 engine in [5] , and the GE-16 engine in [61. There seems to exist widespread agreement that the dynamic coordination of fuel with several engine geometry variables will result in future multi-variable feedback designs that will improve engine efficiency, result in more rapid thrust response, tighter control of key temperatures and pressures, and improved stall margins.
The dynamic models used in this study include the interaction between the turboshaft engine and the helicopter main-rotor and tail-rotor dynamics. As explained in Section 2, we included the enginerotor dynamic interactions in our model because the bandwidth specifications, that we have imposed to carry out our feasibility studies, were larger than those of the production design, and consequently the resonances associated with the main and tail rotor dynamics had to be included in our model. On the other hand, precise knowledge of such resonances is not available. For this reason, we have estimated engine-rotor model errors in the frequency domain, and imposed stability-robustness specifications, so as to account for such modeling errors. We do not claim that we have captured all relevant high frequency modeling errors; nonetheless, a similar stability-robustness analysis will have to be carried out in a more realistic application.
We present evaluations of three distinct feasibility stulies for the engine-rotor system. Design A is a SISO design using the LQG/LTR method. In Design A we use only the fuel to control the free (power) turbine speed. We compare the "sophisticated" Design A with the existing production design, and demonstrate improved performance. Thus, there exists potential performance payoff in using, even in a SISO setting, dynamic models of greater fidelity and more sophisticated compensator designs.
Design B is a MIMO design and it is used to demonstrate the advantages of usin; an additional control variable. We use the dynamic coordination of both fuel and variable compressor geometry to independently control the free turbine speed and the gas generator speed. We compare the MIMO Design B to the SIS0 Design A with respect to their disturbance rejection properties. We show that Design B is superior in the sense that dynamic modulation of the variable geometry control is utilized to reject disturbances. The remainder of the paper is organized as follows.
In Section 2 we present a discussion of the GE T700 turboshaft engine dynamics and its dynamic coupling to the-helicopter rotor system, including a discussion of the nature of the linearized dynamics. In Section 3 we present an analysis of the linearized dynamics for thie three designs, in terms of poles and zeros, and frequency domain singular value plots. In Section 3 we also quantify the modeling errors in the rotor dynamics so that we can impose stability-robustness specifications in the frequency domain; in addition we summarize the idealized performance specifications that we imposed for our feasibility studies. In Section 4 we first present a brief overview of the LQG/LTR desin methodology which was used for deriving the Designs A, B, and C. In Section 5 we summarize the characteristics of all three designs in the frequency domain by presenting the shapes of the singular values of the loop, sensitivity, and closedloop transfer function matrices vs. frequency. Then, we evaluate the transient performance characteristics via simulation. Section 6 summarizes the conclusions. The appendix contains the state equations and the numerical values of the openloop dynamics in terms of the A, B, C, D matrices of the state-space models.
SYSTEM DESCRIPTION AND MODEL FORMULATION

System Description
A conventional helicopter, as shown in Figure 1 , utilizes a single main rotor, primarily for lift, and a tail rotor for torque reaction and directional control in the yaw degree of freedom. The main and tail rotor systems are directly coupled to two turboshaft engines through gear reduction sets and sliif7
The main and tail rotor systems are composed of individual blades which are simply airfoils that provide lift and/or thrust. The pilot maneuvers the helicopter by modulating the available liftthrust from the rotor systems. A maneuvering demand from the pilot is equivalent to producing a load disturbance on the rotor systems. Load isturbances may also emanate from other sources such as wind gusts. The incorporation of a "fast" or "tight" engine speed control capable of rejecting rotor system load disturbances will be reflected in increased helicopter maneuvering capability. This increased maneuvering capability must be accomplished, however, without exciting coupled engine/rotor system complaint dynamics that are present.
The turboshaft engine utilized in this study is the GE 1700 engine, as representative of a recent technology engine in current production. A simplified cross-section of the GE T700 is shown in Figure 2 . The gas generator sustains the gas turbine cycle, while the free turbine performs the role of extracting energy. It is the free turbine, when directly coupled to the helicopter rotor system, that recovers the useful work of the gas turbine cycle. The responsibility of the gas generator is to provide the power demanded by the helicopter rotor systems at a specified free turbine speed. The turboshaft engine control system must insure that the power demanded by the helicopter rotor system is supplied by the engine while simultaneously insuring that the engine operates efficiently over a geometry, Vg, were included in the model representation to provide independent control of two output variables (to be discussed later).
The low frequency (< 10 radlsec) GE T700 engine dynamics are dominated by the gas generator and free turbine dynamics. Pressure and temperature dynamics appearing in the flow equations are typically "fast" for a small turboshaft engine and are included in the model only as outputs, thus neglecting their dynamics. Inter-turbine gas temperature, T4.5, was included in the model as an output as it is often desired to control that variable. The reduced en ne state vector for design purposes is thus given simply by the two turbine speeds: the as generator speed, Ng, and the free turbine speed, Sp.
The state variables are associated with energy storage elements and are temperatures, pressures and inertia terms for a gas turbine system. The control inputs are fuel flow and variable geometries. The outputs can be turbine speeds, pressure ratios and gas temperatures. The ambient variables are ambient pressure and temperature ratios.
Prior to formulation of the control problem, the non-linear dynamic description must be converted to a linear dynamic model pertinent to operation about an equilibrium operating condition. The equilibrium condition is characterized by 0 and the stead-state values of the state, control and output varilales (&, _%, yo).
The helicopter drive train compliant dynamics must be represented in the system model because they are present within the engine response bandpass. A representative helicopter drive train is shown isometrically in Figure 3 . A simplified, lumped parameter, spring-mass-damper representation of the system is shown in Figure 4 .
The turboshaft engines are coupled to the helicopter drive-train model as shown in Figure 5 , which is a block diagram representation of the coupled system. Note that the only coupling is through Qp, which is the gas torque generated by the gas generator and applied at the power turbines. The state variable representation of Figure 5 is given in Appendix A. The variable def-initions for Figure 5 with units are included im efinition (System C) represents an exploration into the simultaneous control of free turbine speed and inter-turbine gas temperature, T4.5.
The control of power turbine speed is required to satisfy the fundamental system requirement of a commanded power supply to the helicopter rotor systems. In System B, the simultaneous control of the power turbine and gas generator speeds was undertaken to explore the utilization of this control system -definition for both input and output disturbance rejection as compared to the SISO controller. The simultaneous control of turbine temperature in System C allows a potential handle on dynamic engine operational efficiency and provides some latitude in temperature limiting. The input-output definitions are summarized in Figure 9 . For the error defined by Equation (5) , an output feedback system is guaranteed to be stable if the inequality°m ax I V.1)- 1 [nI + (@$p)liJO)) -1] (6) is satisfied for all w [18, 19] , where K(jco) is the compensator transfer function matrix. The error matrix, Lc(j), will be assumed to be of the form LCo) = I + EUw) = I + diag [erGo), e4(a)J] (7) where er(Q) = rotor system error e,(c)) = engine system error.
The above error structure reflects the uncertainty of the high frequency rotor system description to the power turbine speed output. The error in the low frequency engine system will be assumed small and we will let ee.4) = 0. Figure 11 .
Design Specifications
The implication of speciflcations is to achieve good performance in terms of 1. command following, 2. disturbance rejection, and 3. insensitivity to modeling error through the introduction of feedback. For a feedback system, as shown in Figure 12 , the maximum error at a given frequency, coo, for unit magnitude commands and output disturbances is given by flg2=1/ lOmin[I + T(jo)J (8) where (Jwo) = G(iwo) K(joo). If min T (jw0) > 1, then Equation (8) (10) It is also required that all output variables have zero steady-state error to constant reference inputs, thus dictating integral augmentation. Figure 13 summarizes the frequency domain performance specifications. Robustness will be achieved through satisfaction of the inequality presented in Equation (6) . The above specification should be viewed as tentative. It is well recognized by now that the presence of low-frequency non-minimum phase zeros (as we have for System C) represents a generic limitation in performance independent of the design methodology employed. As we shall see in the next section, we will not be able to meet the specification above for System C. The following sections present the design methodology and the controllers designed to meet the specifications.
LQG/LTR DESIGN METHODOLOGY OVERVIEW
The control structure to be utilized, including integral augmentation, is shown in Figure 14 . The LQG/LTR compensation to be designed'is iven by KD(s). The overall compensator, which includes integral augmentation, is defined by K(s) = (I/s) KD(s).
(1 1) For design purposes, the integral augmentation is considered part of the plant, thus we define: ,G(s) = Gp(s) (js). (12) The LQG/LTR procedure begins with the state description of the augmented plant given by and thus d/dt xa(t) = x*(t) + L u(t) y9(t) = -Xa a(t) (13a) (13b)
Ga(s) = C (SI -A)-L.
(13c)
The stepby-step LQG/LTR [16, (15) to yield the gain matrix Ha = (1/p) I Ca (16) so that the performance specifications posed in Section 3 are met.
Step 2: Solve the following algebraic Riccatti equation.
KAa +AaK +qCT -!jBaBaK=0 (17) for q -* (sufflciently large) to yield the control gain matrix Ga = BTa (18) As q -+ X the LQG/LTR method guarantees that in the absence of non-minimum phase zeros Ti(s) = G(s)lKD(S) s GKF (S). ( 
19)
Thus if we design GaFGc) to meet the posed frequency domain per ormance specifications, and there are no non-minimum phase zeros in iti system, then we can design a compensator, defined by KD(s) = (s I -Aa + LGa + HjQ) -1Hl (20) by utilizinj the asymtotic ad,ustment procedure (i.e. "cheap' LQG control problem) defined in Step 2. The presence of a non-minimum phase zero within the desired bandwidth of the system presents a generic performance limitation that cannot be considered an indictment of this methodology. The restrictions presented by a nonminimum phase zero within the desired system bandwidth will be demonstrated in the following section. Figure I1e , which is indicative of the systems response to load disturbances, provides load disturbance attenuation over a much wider range of frequencies than does the conventional controller.
MIMO System B Design
The first MIMO design, providing the coordinated control of the power turbine and gas generator speeds using the fuel flow and variable geometry inputs, is presented to demonstrate not only the LQG/LTR design methodology, but to demonstrate how the coordinated control of several variables can provide a performance not realizeable with conventional scalar controls.
The loop transfer function designed for this system definition is shown in Figure 19 Figure 7 . The closed-loop and sensitivity singular value plots are shown in Figure 22 and 23, respectively. The closed-loop and sensitivity singular value plots demonstrate that good command following and disturbance rejection is realized. It is instructive to perform a comparison between this MIMO system definition and the SISO system defiition in terms of the ability of these systems to reject disturbances. The basis for comparison will be to determine if it is possible, by using the coordinated control of several variables, to provide a system that exhibits disturbance rejection cap ability without the extensive use of control energy. If we consider that the variable geometry input variable is available at no cost to the user, ten any use of the variable geometry input can be considered a savings offueL It is possible to incur a disturbance in the gas generator speed due to power extraction or engine inlet distortion. A linear simulation of the response of MIMO Design B to a step disturbance on gas generator speed is shown in Figure 24a . A linear simulation of the same disturbance to the SI10 design A is shown in Figure 24b . Note that while both the MIMO and SIS systems reject the gas generator speed disturbance, the MIMO system rejects the disturbance rapidly and with no steadystate fuel cost as is incurred in the SISO system. The comparison between the MIMO and SISO case is instructive in pointing out that extended system performance capabilities are possible through the coordinated control of several variables, provided that no generic limitations induced by nonminimum phase zeros exist.
MIMO System C Design
MIMO System C provides for the control of both the power turbine and inter-turbine gas temperature, usmg the fuel flow and variable geometry controls. A non-minimum phase zero is present at .199 rad/sec in this design model due to the interaction of the variable geometry and airflow/temperature dynamics in the engne. The singular value loop transfer function for this design is shown in Figure   25 . Note that the posed performance speciflcations cannot be met. This is due to the presence of the non-irinimum phase zero at .199 rad/sec which limits the frequency range for which amin !U')) can be made "large". The system is robust however, for the modeling errors defined in Section 3 as shown in Figure 26 . The closed-loop and sensitivity plots are shown in Figures 27 and 28 , respectively. Note that the effect of the non-minimum phase zero is demonstrated in all singular value plots. A trim signal on the inter-turbine gas temperature reference, a 10-second ramp of 20F, as performed on a non-linear simulation is shown in Figure 29 . The error magnitude between the temperature reference and the sensed temperature is determined by amin 2jco) as presented by Equation (9).
The 10-second ramp trim signal was chosen to represent the fact that the command error magnitude could be maintained at a relatively small level if the trim command signal is in the frequency range for which amim T(ico) is large".
Design Summary
Three important issues were demonstrated in this section. The flrst is that the LQG/LTR design methodology provided a systematic approach to frequency domain 'loop shaping' for both the SISO and MIMO case. Additionally it was shown that the coordinated control of several variables can be utilized to provide performance not achievable with conventional scalar controls. Finally, the generic performance limitations of non-minimum phase zeros were demonstrated.
CONCLUSIONS
In this parer we have examined both SISO and MIMO designs for the control of a model of the GE 17700 turboshaft engine including its dynamic coupling to the rotors of a helicopter. All control system designs were carried out using the so-called LQG/LTR design methodology. The results indicate that there is potential for significant payoff in command-following and disturbance-rejection performance, if realistic models of the engine-rotor system are used in the design process. It was also demonstrated that the dynamic coordination of both fuel and variable geometry controls results in superior performance. There was no particular difficulty in applying the LQG/LTR procedure to these designs, even when the plant had nonminimun phase zeros (Design C). In the latter case, the results were predictable and consistent with the limitations in performance inherent in non-minimum phase systems.
We reiterate that our results should be viewed as feasibility studies. Much more work is needed to design a full envelope control system for the enginerotor dynamic system.
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